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An experiment has been proposed, for the early 1970’s, for the purpose of obtaining data
on ionospheric and tropospheric effects on wide-band trans-atmospheric transmission. It is
desired to radiate three combs (each composed of seven to ten highly stable, phase-coherent
CW signals) from a geostationary satellite and to monitor the amplitude and phase of the
signals in considerable detail. The tones would be grouped at S band, L band, and UHF,
with group bandwidths and frequency spacings set to measure the mean dispersion and sec-
ond-order parameters of the randomy part of the channel. One CW signal would be trans-
mitted at HF and one at VHF to provide a comparative link with the existing collection
of scintillation data obtained by various workers. Some multiple-antenna observations are
desired so that spatial coherence questions can also be attacked. It is hoped that observa-
tions will be made through the equatorial, midlatitude, and auroral ionosphere.

INTRODUCTION

The development of communications and radar
systems has resulted in ever increasing bandwidths.
For systems that involve trans-atmospheric transmis-
sion (such as communication satellites and sophisti-
cated radars of the future) the atmosphere probably
sets the ultimate bandwidth limit. In the UHF and
lower microwave bands, ionospheric dispersion prob-
ably dictates the final limit. At higher frequencies,
spatial inhomogeneities in the ionosphere and tropo-
sphere may be more important.

Scattering from ionospheric irregularities will also
influence the lower frequencies. The irregular phase
shifts and amplitude fluctuations attendant to the
scattering will decrease the band over which signal
frequency components retain their initial relation-
ships, representing a decreased ‘correlation band-
width. Even slight partial decorrelation may be a
problem for some systems. The usable bandwidth
limit set by scattering is probably more variable and
less predictable than that set by dispersion, because
the irregular structure of the ionosphere may be
more variable and is less understood than its gross
characteristics.

Scattering from ionospheric and tropospheric ir-
regularities also limits the gain and resolution we
may expect from large-aperture antennas. On fre-
quencies through low UHF, we may expect occa-
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sional nearly complete loss of signal correlation be-
tween sufficiently separated antenna elements; this
phenomenon would limit the achievable angular res-
olution of the antenna. Such occurrences have been
observed at VHF through the equatorial ionosphere
[Koster, 1958; Coates and Golden, 1968] and at
VHF and UHF through the auroral ionosphere
[Little et al., 1962; Flood, 1963; Fremouw and Lan-
singer, 1968]. At higher frequencies, partial d=cor-
relation across a large-aperture antenna may occur;
this decorrelation would lead to reduced perform-
ance.

Existing knowledge about the atmosphere and its
irregular structure permits us to make the above
qualitative statements about bandwidth and aperture
limitation. It also allows us to make order-of-
magnitude estimates of the likely limitations, at least
in some average sense. However, our state of under-
standing of atmospheric processes (such as the
formation of ionospheric irregularities) precludes
detailed quantitative calculations of the limits as func-
tions of observing location, time, and pertinent solar-
geophysical conditions. This paper describes an ex-
periment designed to measure the bandwidth and
aperture limits directly.

To provide a truly trans-atmospheric experiment
and to allow extended continuous observations from
a given ground station, it is desired to transmit
signals from a geostationary satellite. The essence
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of the experiment is that coherent CW signals on a
number of frequencies across rather wide bands
(up to 30%) would be transmitted, with carefully
controlled phases.

Both amplitude and phase fluctuations would be
measured in order to provide a rather complete sta-
tistical description of the signals arriving at the
ground. First-order distributions of amplitude and
phase would be generated; higher-order moments
would also be generated. A common frequency
standard on the ground and in the satellite (main-
tained by a two-way phase-comparison link) would
supply the necessary reference.

Existing knowledge about scattering of trans-
ionospheric signals leads us to expect quite different
results in at least three latitudinal regimes: equa-
torial, midlatitude, and auroral. Additional differ-
ences may be expected when the radio line-of-sight
penetrates a region of on-going auroral disturbance.
It would be desired to obtain measurements in all
three latitudinal regimes.

CHANNEL-MODELING CONSIDERATIONS

As a basis for designing the experiment, the at-
mosphere from synchronous orbit to the ground was
treated as a communication channel subject to analy-
sis by linear filter theory. In this approach, the
channel is represented totally by a time-varying
impulse response A(¢, r) and its Fourier transform
with respect to r, the time-varying transfer function
H(, f).

The problem is threefold: (1) to relate h(¢, +)
and H(¢, f) and, particularly, their first- and second-
order statistical measures to certain signal param-
eters; (2) to establish criteria for adequate sampling
of the channel measures; and (3) to relate the chan-
nel measures to known atmospheric parameters.

To attack the problem, we relax the usual as-
sumption (e.g., see Daly [1965]) that the channel
statistics are stationary in frequency. Relaxation of
the frequency-stationarity assumption is necessary
at the frequencies of concern because of the dis-
persive nature of the ionosphere and the wide
bandwidths used. We retain the assumption that the
channel is wide sense stationary (WSS) in time, an
assumption that is not fundamentally unsound and
that can be tested for in practice. All the functions
dealt with here, unless otherwise specified, are either
complex envelopes, their Fourier transforms, or
combinations thereof.

Signal and channel measures. The time-varying

channel transfer function H(z, f) is the complex
envelope of the channel output when the input is a
tone at o + Q, where o = 2#f and Q = 24f,. That is,

WN#) = real output signal

= Re{H(z, f) exp [2x(f + fo)il} )
The time-varying channel impulse response A(¢, =) is
a complex quantity, related to H(¢, f) by the follow-
ing Fourier transformation:

h(t, ) = response at { to an impulse at (t—7) @)

= f H(t, f) exp (j2zfr) df

For a general input signal with complex envelope
x(t), the complex envelope of the output y(¢) is
obtained through the convolution relation

@) = f h@t, T)x(t — 7)dr A3)

Since h(t, r) and x(¢) may be random variables,
we are interested in various statistical measures of
y(?). Denoting expectation by ( ), we have

00) = [ e, e — yar @)

The corresponding expressions for Y(f) and
(Y (f)), the Fourier transforms of y(¢) and (y(t)),
are much more complicated; for instance,

(Y = f (H(t, f)x(")) exp L2n(f' — )] dr df
5)

That is, the spectral properties of the output signal
involve both frequency and time properties of the
channel.

Let us now turn to the second-order signal and
channel measures. For a general signal x(z), the
time autocorrelation function is

Ri@, 1) = (x (t — a/x(t +a/2)  (6)
The frequency autocorrelation function is defined as

Rlf,0) & (X°G —v/DXG+9/2) ()
where * denotes the complex conjugate. The
Rx(f, v) can be shown [Daly, 1965] to be the double
Fourier transform of Rx(a, ), the time autocorrela-
tion function. That is,

Rx(f,v) = f R.(a, t) exp [— 2w (fa + v1)] dt do (8)
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Two other functions (the energy density S(f, t) and
the ambiguity function y(a, v) are the two (alter-
nate) intermediate forms in the double transform
pair

Rx(@, ) @ Rx(f,v) )

The following diagram depicts the relationships be-
tween second-order signal measures:

S(£D
\

Re(£,7)

7

A similar set of measures exists for the (tem-
porally WSS) channel. The channel time-and-delay
autocorrelation function is

R,(a, )

Rh(a; Ty O')

= (B (t —af2, T — o/Dh(t + /2, T+ /2) (10)

The Ry(e, 7, o) is related to the channel time-and-
frequency autocorrelation function by a double
Fourier transform, as follows:

RH(as v, f) = f Rll(a; Ty 0')

cexp [—i2x@T + fo)] dr do an
= (H' ¢ — /2, ] — v/2)
CH@E + /2, f + v/2)) 12)

Frequency nonstationarity requires explicit retention
of the variable f in the above. If the channel were
statistically stationary in frequency, Rg(a, v, f)
would reduce to Ry(e, v).

By Fourier-transforming with respect to the vari-
ables in (11) and (12), six other second-order
measures may be obtained. All eight measures are
indicated schematically in Figure 1.

Let us turn now to the relation between input and
output second-order signal measures. One of many
such relations is

R, 1) = ff Ry(a, 7, o)R. (@ — o, t — 7) d7 do (13)

When « = 0, the above specializes to the mean-
square output:
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(ly®F) = R, 0. 0

(14)
= f f R, (0, 7, 0)R.(c, t — 7) dr do

Although a great many first- and second-order
channel and signal measures exist, they are inti-
mately related through Fourier transforms and con-
volutions; therefore, we need only obtain one first-
order and one second-order channel measure in
order to characterize the atmospheric channel. The
others can then be calculated, as can the measures
of arbitrary signals.

For our multiple-tone experiment, the most
straightforward channel measures are (H(¢, f)) and
Rg(a, v, f). The former (which would be obtained
by averaging the complex envelope of the received
tones over times where statistical stationarity holds)
characterizes the channel’s deterministic filter func-
tion. The latter, to be obtained from (12), char-
acterizes the channel as a random process.

The design problem, then, reduces to ensuring
adequate measurement of the channel’s time-varying
transfer function H(t, f). ‘Adequate measurement’
is that which allows calculation of the channel’s time
and frequency autocorrelation function Ry (e, v, f)
without assuming statistical stationarity in frequency.

Sampling grids and signal confinement in the v-f
plane. In a multiple-tone experiment, the time-
varying transfer function H(¢, f) would be sampled
at discrete points in the frequency domain. For ob-
taining H(t, f) from the received signals, we would
have a posteriori control of the time-sampling inter-
val but not of the sampling interval in the frequency
domain. Thus we must be reasonably certain that
the sampling ‘rate’ in frequency is adequate and that

Rv()\.v.f) R(X,V.U')
|
|
I
Ryfa,v,f) " Rla,v, o)
R(x'r'f/)J_ ———————————————— R(X\,7,0)
Rela,r,f)i< Ryle,z,0)
(r,v)
(f,o)
(a,)\)
Fig. 1. Fourier transform relationships between second-

order channel measures.
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the sampled interval covers the bandwidths of sig-
nals of interest.

For determination of Rg(a, v, f), in the fre-
quency-nonstationary case, both » and f spans must
be considered. Each pair of sample points in f leads
to a pair of sample points in the v direction (at =Ew,,
where », is the frequency spacing). Figure 2 shows
a sampling grid in the +—f plane for a finite space in
the f direction, which results in a diamond-shaped
sampling area. It can be shown [Fremouw, 1969]
that the second-order measure Rx(f, v) for signals
that are effectively time- and/or band-limited is also
confined mainly to a diamond-shaped area in the »-
f plane. Indeed, whatever the second-order measure,
a similar confinement exists.

Relation of channel measures to propagation and
scattering parameters. Let us suppose for the mo-
ment that the trans-atmospheric channel has simply
a variable group delay T(¢). Then the received field
due to a transmitted tone at » + Q will be

E, exp {jlw + QIlt — TN} @15)

so that

H(t, f) = Eo exp [—jw + QT()] (16)
by definition. Thus, if the E, factor is dropped,

(H(, ) = (exp [—jl + DT

= X @+ Q)
where Xp is the characteristic function [Parzen,
1960] of T(?).
If T(¢) is a Gaussian random variable with mean
T, and variance or% then

(H(t, ) = exp [—j(w + DTo] exp [—5(w + 2)°0r’]

(18)
If (0 + ©)%,? is appreciably larger than unity, the
assumed channel will be a zero-mean random chan-

amn

f

Fig. 2. Sampling matrix in the » plane for a
uniform comb of seven frequencies.

nel. The rms variation in ionospheric total-electron
content oayr required to make Qor equal to unity
for three frequencies of interest is:

f, MHz OANT» m-?
400 0.48 X 10t
1500 1.8 X 101
3200 3.8 X 10%

The above values of eayr are about 1% of typical
contents; thus we expect to be on the borderline of
a zero-mean random ionospheric channel.

The troposphere will also introduce a variable de-
lay. The extra delay due to the troposphere is

-8
T = 10 n' ds (19)
. (4 path
where »’ is the refractivity, defined by
n=1+4n X 10"° (20)

where n is the refractive index. Again, for Qo7 equal
to unity, the following values of the rms variation
in integrated refractivity [ »’ ds apply:

f, MHz Ganp, N’ UNItS
400 1.2 X 105
1500 0.32 X 108
3200 0.15 X 108

A typical value of integrated refractivity for a verti-
cal path and a (typical) surface refractivity of 400
n’ units is  n’ ds = 3 X 10° Comparing with the
above values of oanr, We see that again a 1%
fluctuation puts the channel approximately on the
border of being a zero-mean channel.

The time scale of the atmospheric changes is also
an important parameter. In general, the larger
changes may be expected to be slower. It may be,
therefore, that over an observing period of interest,
such as several minutes, (H(¢, f)) is reasonably con-
stant (implying temporal stationarity of the channel)
and non-zero. In any case, slow variations would be
‘filtered’ out, if only to remove the effects of satellite
motions. The frequency dependence of (H (¢, f)) con-
tains a measure of ionospheric dispersion.

The above pertains to gross (or non-scattering)
effects of the atmosphere. We will now discuss scat-
tering effects arising from spatial irregularities in
atmospheric refractive index,

Consider the simple atmospheric model of a one-
dimensional phase-modulating screen [Hewish,
1951]. Let us express the spatial distribution of a
monochromatic output wave of frequency f on a
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plane at time ¢ by e(z, f, x). Then each component
of the spatial Fourier transform of e(¢, f, x) (which
we shall denote by E(¢, f, S) can be interpreted as
arising from two plane waves propagating at equal
angles (given by § = sin* §) to the normal to the
plane [Booker and Clemmow, 1950]. The function
E(t, f, S) represents an angular spectrum of plane
waves, and the field at any point beyond the plane
can be determined from the angular spectrum [Rat-
cliffe, 1956].

If the initial plane is at the output of a distant
scattering region, each pair of side waves will travel
an extra distance, compared with the non-scattered
wave, The corresponding extra delay at normal in-
cidence is given by

8t = R/OIA — §Y7* — 1]

o RO
= 2
where R is the range and c is the velocity of light.
Assuming spatial and temporal stationarity, let
us suppose that the phase of e(¢, f, x) is normally
distributed with zero mean and variance ¢.? at the
initial plane and has a Gaussian autocorrelation
function,

1)
for S’ 1

p(t) = exp — /&) (22)
where ¢ is the spatial shift distance and & is the
“irregularity scale-size.” Then, with A = the free-
space wavelength, the mean of the angular spectrum
for|e|=1is

(E(f, ) = 8(8) (23)
and the angular power spectrum [Bramley, 1955] is

(E¢, S)) = [exp (—ém)]
-{J(S) + \/—i_ﬂ i d’m '1/2 exp —[ﬂ'z g;\’_i%]}

=1 n! ('l)

(24)

The first term of (24) corresponds to the non-scat-
tered component; therefore, the scattering reduces
the power in the non-scattered compoment by
4.34¢,? decibels. The angular extent of (24) is ap-
proximately

om = (k/£0)¢m fOl' ¢m2 >> 1

0, = \/&) for ¢,.° K1

In addition to the explicit frequency dependence
in (24) there is a further dependence in the case

(strong scatter) 25)

(weak scatter)
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of ionospheric scattering, since ¢» ~ 1/f owing to
the dispersive nature of ionospheric propagation.
This demonstrates the need to account for frequency
nonstationarity.

Inserting (25) into (21), we find a 8¢ correspond-
ing to On:

ta = (R/20)0pn/E0)’
tn = (R/20)N/E0)

which is approximately the maximum value of ¢
The resulting value is also the approximate extent
of Ry(e, 7, ¢) in the r direction, which follows from
consideration of the relationships between the first-
and second-order means of the angular spectrum
and the various channel transfer functions.

Actually, Ry(a, 7, ¢) involves the response of the
channel to all frequencies, but we must restrict at-
tention to a band around the center frequency of
interest for straightforward interpretation of 8t,,. This
is another aspect of the difficulty in dealing analyti-
cally with nonstationarity in frequency. Since our
goal is to measure the channel characteristics, how-
ever, we are primarily interested here in ensuring
that we have sufficient measurement capability. Thus
we shall take 87, to be the extent of Ry(e, 7, o) in
= (which we shall call r,) for establishing the re-
quired frequency spacing of the transmitted tones.
This involves simply an application of the sampling
theorem.

Suppose the function Ry (e, v, f) is sampled at
points on the matrix shown in Figure 3a. The sam-
pled version of Ry(e, v, f) is the two-dimensional
Fourier transform of the convolution of Ry(e, 7, o)
and the ‘bed-of-nails’ function consisting of § func-
tions at the points shown in Figure 3b. The func-
tion R;(a, 7, o) is non-zero only for + > 0 by the

(strong scatter) 26)

(weak scatter)

condition of causality; if we assume that its = extent
is limited to 7, and that the extent in the ¢ direction
is small compared with that in the = direction, the
maximum sampling interval in v must therefore be
vs = 1/7y. (This condition would be violated only
for extreme nonstationarity in frequency, which is
not anticipated and which can be tested for experi-
mentally.)
Setting 7, = 8t,, we have

v, = (2¢/R)Eo/Npn)’

v, = (2¢/R)&/N)
Equation 27 establishes the criterion for frequency
spacing in our multiple-tone experiment, in terms of

(strong seatter) @n

(weak scatter)
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Fig. 3. Corresponding diagonal ‘bed-of-nails’

functions.

atmospheric-scattering parameters. We shall make
quantitative use of it in the next section.

EXPERIMENT DESIGN

Because of the essentially engineering orientation
of the experiment, the primary observing frequencies
chosen are located at low UHF, at L band, and at
S band. To relate results to known characteristics
of ionospheric structure (gleaned from scintillation
observations in the VHF tracking band of the Na-
tional Aeronautics and Space Administration) a
single VHF tone would also be transmitted. An HF
tone also would be included for comparison with
existing scintillation observations made at 20 and
40 MHz by various workers. It is believed that the
HF and VHF tones, possibly in conjunction with
those at low UHF, would provide scientifically inter-
esting ionospheric results, in addition to engineering
results.

With the primary frequency regimes set, the fre-
quency-selection problem is reduced to a choice of
the over-all bandwidth for each band and the spac-
ings between tones within each band. The bandwidth
desired is that which is likely to test the limits of us-
able information on the bandwidth, based on esti-
mates of atmospheric parameters. The desired spac-
ing would permit measurement of the channel time-
varying transfer function with sufficient frequency
density to calculate the time-and-frequency autocor-
relation function under conditions of significant at-
mospheric scattering. Both deterministic and random
channel parameters must be considered.

Average and slowly varying phase distortion de-
pends almost solely on total electron content along
the ray path and only negligibly on large-scale gra-
dients. Figure 4 shows the bandwidth dependence
of dispersive distortion for the three prime frequency
regimes of the experiment. The abscissa 8¢ is the
relative phase between the sum of a pair of equally

spaced ‘side bands’ and their ‘carrier’, which is a
common measure of dispersion [Eshleman, 1960].
The ordinate f,, is spacing between the carrier and
the side band. For each of the frequency regimes
(UHF (400 MHz), L band (1450 MHz), and S
band (3200 MHz)) three curves of 8¢ versus fn
are shown. The curves are for ‘strong’ (total content
of 10 electrons/m?), ‘average’ (10'7), and ‘weak’
(10¢) ionosphere conditions.

A widely used criterion for separating ‘acceptable’
from ‘unacceptable’ dispersion is the condition 8¢ =
1 radian [Eshleman, 1960]. For the experiment un-
der design, it is desirable to choose frequency spac-
ings within the various bands that approximately
bracket the condition 8¢ = 1 under average and/or
maximum ionospheric conditions. This condition is
not crucial, but approximating it is desirable to en-
sure useful measurement of the ‘usable bandwidth
of the ionosphere’ under varying geophysical condi-
tions. It is of more fundamental importance to have
frequencies sufficiently narrowly spaced to resolve
possible ambiguities in 8¢ under maximum iono-
sphere conditions and to have frequencies sufficiently
widely spaced to provide useful measurement ac-
curacy of 8¢ under minimum conditions.

Initial (tentative) selection of frequencies within
the three primary bands was made to provide trip-
lets (a ‘carrier’ plus two ‘side bands’) that would
meet the conditions described above for measure-
ment of §¢. The selected frequencies were then ad-

fo= 3200MHz

+ = SELECTED f,,

fo = 400MHz

[ RRN T R r||||u:|
0.01 Q. 1.0 10 100
3¢p—rad

Fig. 4. Side band-pair-to-carrier fre-

quency spacing fm for various fre-

quency regimes and icnospheric co-
lumnar electron contents.
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justed to provide the sampling combs needed for
determination of the channel time-and-frequency
autocorrelation function under conditions of random
scatter. The transmission spectrum selected is shown
in Figure 5. The corresponding values of f, are re-
presented in Figure 4 by crosses on the curves.

The required frequency spacing v, is related to
ionospheric scattering parameters through (27). Fig-
ure 6 shows plots of irregularity scale size &, versus
rms phase deviation ¢,, imposed by ionospheric scat-
tering as calculated from (27) for the three fre-
quency spacings employed in the spectrum shown in
Figure 5. A range R of 1000 km from scattering
layer to receiver was assumed. (Ionospheric irregu-
larities typically lie at heights of a few hundred
kilometers.) The curves show the boundary, for the
three bands, between combinations of irregularity
scale & and the square root of the ionospheric op-
tical depth for scattering [Fremouw, 1966), ém,
whose effects can be accurately sampled, and those
for which only an upper limit on coherence band-
width can be ascertained. The boundary is only ap-
proximate, since it is based on a simplified but
tractable model. The region above and to the left
of the curves in Figure 6 is the region of accurate
sampling.

Commonly occurring ionospheric irregularities
have values for & of the order of 1000 meters and
produce values for ¢, considerably smaller than
unity in all three bands. Note that such values lie
well above and to the left of the curves. Under con-
ditions of line-of-sight aurora, values of &, of the
order of 100 meters may be expected [Fremouw,
1966], and ¢, may occasionally exceed unity in the
low UHF band. Under such extreme conditions, only
an upper limit on coherence bandwidth will be
measured at UHF. For observations under such
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'045 T T TTT T T T TTmm
103 / -
3 = // E
b - pn
f = 3
Ww n
102 =
[ weak_ | _stron ]

SCATTER SCATTER
pol—t vl 0 vl 3 e
[+X] 10 10 100

rms PHASE DEVIATION, ¢ —radians

Fig. 6. Boundaries between fully assessable
(upward and left) combinations of irregu-
larity scale, & and ionospheric optical depth
for scattering, ¢m2 and combinations whose
effects can be measured only as limiting
values (downward and right).

conditions, which are of considerable operational as
well as scientific interest, ten tones are planned for
the UHF comb rather than just the seven planned
for L and S bands.

It is not anticipated that ¢,, will reach unity at L
and S bands even under extreme auroral conditions.
It is under such conditions that measurable iono-
spheric scattering effects are most likely to be ob-
served at the higher frequencies, and the resulting
data wiil be available for further refined estimates
of the coherence bandwidth at UHF. It is therefore
not considered desirable to design the experiment
for the expected worst auroral (and probably equa-
torial) case at UHF at the expense of reduced in-
formation under more commonly occurring condi-
tions or of considerably greater experimental com-
plexity and added power.

1T
40 50 60 70 100 150 200 300

30
Fig. 5. Desired satellite transmission spec-
trum.
10 TONES 7 TONES
—l T76.5 MHz /\
— ] U1 1 T !
300 500 700 1000 2000 3000 5000

FREQUENCY —— MH2
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Aside from frequency selection, the prime design
parameters are the phase stability and the system
signal-to-noise ratio, Existing scintillation measure-
ments at individual frequencies were used to estab-
lish stability needs, transmitter power requirements,
necessary antenna gains, etc., The interested reader
is referred to Fremouw [1969] for instrumental de-
tails.

CONCLUSION

The experiment described in this paper is in the
design stage. It has been found necessary to resort
to rather advanced techniques for the satellite trans-
mitter. In general, the experiment has been found
to be ambitious but not infeasible. It is currently
hoped that the transmitter will be launched into geo-
stationary orbit in 1972. However, no firm commit-
ment for a launch has been made as of this writing,
and so the plans described above should be consid-
ered tentative. It is possible that actual implementa-
tion could be more modest than the described plan.

The wide-band nature of the experiment has been
stressed here. We also hope to make spaced re-
ceiver measurements at several frequencies for de-
termining signal spatial autocorrelation functions.
It is hoped that both spatial and time-frequency
measurements will be useful to system designers. In
addition, interpretation of measurement results
should provide insights into atmospheric processes
that are of geophysical interest. The purpose of
describing the proposed experiment at this time is
to call the attention of both the communications
and aeronomy communities to the hoped-for results.
In particular, it is intended to describe it so that
plans may be made in time for useful coordinated
observations between various interested groups.
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REFERENCES

Booker, H. G., and P. C. Clemmow (1950), The concept
of an angular spectrum of plane waves and its relation

to that of a polar diagram and an aperture distribution,
Proc. IEE, London, 97, Pt. 3, 11-117.

Bramley, E. N. (1955), Some aspects of the rapid direc-
tional fluctuations of short radio waves reflected at the
ionosphere, Proc. IEE, London, 102, Pt. B, 533-540.

Coates, R. J., and T. S. Golden (1968), Ioncspheric effects
on telemetry and tracking signals from orbiting space-
craft, Rep. X-520-68-76, Goddard Space Flight Center,
Greenbelt, Maryland.

Daly, R. F. (1965), Signal design for efficient detection in
randomly dispersive media, Rep. SRI Sponsored Res.,
Project 186531-144, Stanford Research Institute, Menlo
Park, California.

Eshleman, V. R. (1960), On the band width of the iono-
sphere, in Effects of the Atmosphere on Radar Resolution
and Accuracy, Part XIII of Final Report, edited by
A. M. Peterson, SRI Project 2225, Stanford Research In-
stitute, Menlo Park, California.

Flood, W. A. (1963), A study of radio-star fadeouts and
their application to radar resolution, J. Geophys. Res., 68,
4129-4140.

Fremouw, E. J. (1966), Radio wave scattering structure
in the disturbed auroral ionosphere: Some measured
properties, Rep. UAG R-180, Geophysical Institute of
the University of Alaska, College, Alaska.

Fremouw, E. J., editor (1969), An experiment to measure
trans-atmospheric wide-band radio propagation param-
eters, Final Rep., Phase 1, SRI Proj. 7161, Stanford Re-
search Institute, Menlo Park, California.

Fremouw, E. J., and J. M. Lansinger (1968), Radio-star
visibility fades in Alaska near solar minimum, J. Geophys.
Res., 73, 3565-3572.

Hewish, A. (1951), The diffraction of radioc waves in
passing through a phase-changing ionosphere, Proc. Roy.
Soc. London, A, 209, 81-96.

Koster, J. R. (1958), Radio-star scintillations at an equa-
torial station, J. Atmos. Terr. Phys., 12, 100-109.

Little, C. G., G. C. Reid, E. Stiltner, and R. P. Merritt
(1962), An experimental investigation of the scintillation
of radio stars observed at frequencies of 223 and 456
megacycles per second from a location close to the
auroral zone, J. Geophys. Res., 67, 1763-1784.

Parzen, E. (1960), Modern Probability Theory and Its
Applications, John Wiley, New York.

Ratcliffe, J. A. (1956), Some aspects of diffraction theory
and their application to the ionosphere, Rep. Progr. Phys.,
19, 188-266.



